In multiphoton fluorescence laser-scanning microscopy ultrafast laser pulses, i.e. light pulses having pulse-width ≤ 1picosecond (1 ps = 10 -12 s), are commonly used to circumvent the low multiphoton absorption cross-sections of common fluorophores. Starting with a discussion on how amplitude modulation of ultrashort pulse-train enhances the two-photon fluorescence providing deep insight into laser-induced photo-thermal damage, the effect of controlling time lag between phase-locked laser pulses on imaging is described. In addition, the prospects of laser pulse-shaping in signal enhancement (by temporal pulse-compression at the sample) and selective excitation of fluorophores (by manipulating the phase and/or amplitude of different frequency components within the pulse) are discussed with promising future applications lying ahead.
INTRODUCTION
Coherent control or quantum control refers to controlling the light-matter interaction using the phase-coherence of laser light [1, 2] . Early attempts in frequency domain control by precise excitation of a single vibrational mode using nearmonochromatic continuous wave (CW) lasers were largely doomed by the fact that rapid energy dissipation among other vibrational modes (known as intra-molecular vibrational energy redistribution or IVR) results in loss of coherence. However, owing to the fleeting existence, ultrashort laser pulses can launch coherent vibrational wave-packets since the vibrational time period is much longer than the temporal width of the pulse. Ultrafast laser pulses are generated by constructive interference among different longitudinal optical modes sustained by the laser cavity which is known as 'mode-locking' [3] [4] [5] . This results in the generation of train of phase-locked laser pulses with repetition rate equal to the inverse of the round-trip time of a pulse within the laser cavity. Femtosecond (1 fs = 10 -15 s) laser pulses have been shown to probe the vibrational 'dephasing' (i.e. intra-molecular loss of coherence) in real-time by precise tuning of time delay between two pair of pulses; this is known as pump-probe spectroscopy and has been pioneered by the research groups of Hochstrasser, Fleming and Zewail [6] . Control over the time delay between pump and probe pulses imparts control over the time-evolution of the wave-packet and this is known as the pump-pump (or pump-dump) scheme of quantum control originally proposed by Tannor, Kosloff and Rice [7] . A somewhat different but equivalent control scheme, proposed by Shapiro and Brumer, exploits the idea of controlling the phase of different optical frequency components (or laser modes) within a pulse and thereby achieving the control by quantum interference between multiple light-matter interaction paths [8] . This is achieved by 'laser pulse-shaping' which makes use of a grating-spherical lens (or grating-concave mirror to eliminate chromatic aberration) combination for maximum spatial separation of the spectral components on a plane (known as the 'Fourier plane') and subsequent recombination by using another gratingspherical lens combination; a spatial light modulator (SLM) kept at the Fourier plane can modulate the phases (and/or amplitudes) of various frequency components and thereby giving a pulse shaped in time owing to the inverse Fourier relationship between the time and frequency components of a mode-locked pulse [9] . By using a programmable SLM one can generate pulses of various shapes and get the desired pulse shape obtained by iteratively solving the timedependent Schrodinger equation as described by the 'optimal control theory' [10] or iteratively search for the optimal pulse shape by using learning algorithms where a series of experiments are carried out in a feedback loop until the optimal condition is reached [11] .
Since mode-locked ultrafast lasers are used in multiphoton fluorescence microscopy [12] to make use of the gigantic instantaneous peak power for circumventing the low multiphoton absorption cross-sections of common fluorophores, all the above mentioned methods of time-domain coherent control have exciting applications in imaging with laser pulses in numerous ways. In this proceeding, we discuss few recent studies from our group showing control by ultrafast pulse-pair excitation with applications in multi-photon imaging.
METHODOLOGIES
The schematic of the experimental set-up is shown in figure 1a . In our experiment, the laser system was a mode-locked Ti:saph laser (Mira900-F pumped by Verdi5, Coherent) producing femtosecond laser pulse trains at 76 MHz repetition rate having tunability in the range of 720-980 nm. We used ~200 fs pulsed excitation centered on 780 nm. The laser beam was separated in two parts by using a beam-splitter and recombined using another beam splitter after passing the two split beams over almost equal distance. One of the beams was passed through a retro-reflecting mirror mounted on a mechanical stage (UE1724SR driven by ESP300, Newport). The collinearly propagating beams were sent to a homemade autocorrelator containing a second harmonic generation (SHG) crystal (type-1 beta-barium borate or BBO, Castech). The BBO output was detected by a photo-multiplier connected to a digital oscilloscope (TDS 224, Tektronix). The delay stage and the oscilloscope were interfaced with a personal computer using a GPIB card (National Instruments) and the data were collected using LabVIEW software.
The combined beam was sent to a multi-photon-ready confocal microscope system (FV300 scan-head coupled with IX71 inverted microscope, Olympus). For imaging purposes, all slides were purchased from Molecular Probes and all images were taken using an oil-immersion objective (UPlanApoN 60X 1.42NA, Olympus). The principle of laser scanning is shown in figure 1b. In laser-scanning microscopy (LSM) the image acquisition is achieved by point-by-point illumination resulting in pixilated-image construction and the high scanning speed ensures laser dwell time on each pixel over very small time window (~10 µs); therefore each pixel is illuminated by ~1,000 low energy (≤1 nJ) laser pulses. As shown in figure 1b, a pair of scanning mirrors quickly switches the focused laser beam among different locations of the sample.
RESULTS AND DISCUSSIONS
The interferometric autocorrelation signal is shown in figure 2 . The autocorrelation width was found to be ~320 fs corresponding to a pulse width ~225 fs (using Gaussian envelope approximation).
Several research groups have shown the applications of control schemes in various non-linear imaging e.g. multiphoton fluorescence microscopy [13] and coherent anti-Stokes Raman scattering (CARS) microscopy [14] . However, all of them used amplified laser pulses with slow repetition rate (~1 kHz) which is much slower compared to fast scanning speed of LSM. High repetition rate (HRR) laser pulses are not used to study ultrafast molecular dynamics since molecular deexcitation processes are not over within the time lapse between two successive pulse (~10 ns). However, we have recently shown that photo-thermal effects are manifested by finite temperature rise resulting from the pile-up effect of myriads of laser pulses over a finite time window much longer than temporal separation of pulses and demonstrated that amplitude modulation of a train of pulses at ~1 kHz frequency results in 'complete' removal of such deleterious effects leading to significant fluorescence enhancement [15] . The results showed that laser-induced photo-thermal damage is largely governed by 'transparent' solvent and the time scale for pile-up effect depends on the heat transfer parameters of the solvent. These findings are crucial for live cell imaging where photo-damage can largely affect the viability of the live specimen. This is precisely the reason why measurement of non-linear absorption coefficients by z-scan method using amplitude-modulated highly repetitive pulse train yields similar results using amplified low repetition pulses [16] .
Despite having no pile-up effect as imparted by HRR lasers, amplified lasers suffer from poor signal-to-noise ratio and fluctuations of carrier-envelope phase from pulse to pulse. Also the very high pulse energy (≥1 µJ) results in pulsesaturation effects while tightly focusing with a high numerical aperture objective. An alternative method is to use HRR laser excitation with the sample solution kept in a flowing condition. Another possibility is to use an amplitudemodulated excitation. Figure2 shows a comparison among different methods. The last two methods result directly from the fact that pile-up effect is a long time effect. Exactly similar condition is achieved during laser scanning since each pixel is illuminated for a time period that is not sufficient for building up the pile-up effect. Thus HRR lasers cause minimal photo-damage in LSM.
With this logic of using HRR laser in LSM, we split each pulse of the pulse train into two pulses and delayed one pulse with respect to the other just like in pump-probe spectroscopy. However, in pump-probe experiments the probe pulse, made sufficiently weak compared to the pump pulse, is allowed to excite a sample volume less than that excited by the pump and finally separated from the pump pulse either by non-collinear overlapping or using other techniques while maintaining the collinear geometry (e.g. using polarizing beam-splitters when polarization of pump and probe pulses are different or filtering out the probe as in 'two-color' or 'non-degenerate' pump-probe studies where pump and probe frequencies are different). In contrast, our 'pump-probe'-like experiment involved 'degenerate' (i.e. having same spectral content), iso-energetic and co-propagating pump and probe pulses illuminating the same sample volume but at different times. The delay between the pump and probe pulses were varied at an interval of 250 fs from zero delay (i.e. when pump and probe pulses are temporally overlapped) up to 5 ps which is much shorter than the time lapse (~10 ns) between the successive laser pulses as shown in figure 1a . This means that each pixel in an image now results from excitation by ~1,000 pairs of pump-probe pulses. For every pixel, both the pump and probe pulse triggered the same two-photon induced fluorescence and we collected the total fluorescence signal due to both of them under different polarization of the pump and probe pulses. We collected series of images (each of 512x512 pixels) for different time delay between the pump and probe pulse. Putting all these images together resulted in a movie that visually revealed ultrafast dynamics within a cell (see snapshots under multimedia figures below). To our best knowledge, this is the first demonstration of simultaneous spatial and temporal resolution.
We are presently building up a concave grating based pulse shaper for further applications of coherent control in imaging. The beauty of using concave gratings over planar ones is that it can easily induce linear frequency sweep across the pulse (i.e. 'chirp') which can be immediately characterized by field (or interferometric) autocorrelation technique. Due to different velocities of different frequency components within a pulse, a pulse is always chirped when it passes through a material medium; this is known as group velocity dispersion (GVD). The two-photon absorption rate have been found to vary inversely with pulse width [17] .We are presently investigating pre-chirp compensation using the concave grating where negative GVD imparted by the pulse shaper counter-balances the positive GVD imposed by the optical elements within the microscope (e.g. objective) to achieve transform-limited pulse at the sample yielding efficient two-photon absorption [19] . This will lead to further applications of pulse shaping in imaging, e.g. selective excitation of fluorophores [20] .
CONCLUSIONS
Thus we show how ideas of time domain coherent control can be directly implemented in multiphoton fluorescence LSM. Further research in the field of coherent control by laser pulse shaping is currently being pursued in the authors' laboratory. 
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Video 3. Snapshot (delay ~1 ps) of bovine pulmonary-artery endothelial (BPAE) cells under horizontally polarized pump and vertically polarized probe excitation (a) and horizontally polarized pump and circularly polarized probe excitation.
